In spite of the large volume of experimental research on nitrogen iodide, the details of the kinetics of its decomposition are still very obscure. Neither the activation energy nor the heat liberated in its decomposition is known, and there has been no extended investigation into its sensitivity to heat or to shock. I t has been the object of this investigation to obtain information along these lines and also to throw some light on the initiation of detonation generally.
E xperimental
Preparation of nitrogen iodide. The method described by Garner and Latchem was employed (1936) . 10 c.c. of 880 ammonia was added to 2 c.c. of 0-7n iodine in n -K I solution. The nitrogen iodide was washed three times by decantation with n/ 100 ammonia, and filtered, using a special hard smooth paper (Whatman No. 52) . The precipitate could then be removed from the paper wet and transferred to a small glass bucket and dried under vacuum. In order to make the conditions for each experiment as nearly as possible the same, the procedure was standardized as regards times of settling and amounts of washing liquid. The solid was given 3 min. to settle before decantation, and the washing was carried out each time with 25 c.c. of liquid. The operations were carried out in a dark room.
The glass bucket containing the nitrogen iodide was lowered into the reaction vessel by a glass winch and the substance was allowed 10 min. to acquire the temperature of the reaction vessel before pumping was begun. At 0° C detonation occurred almost immediately after attaining a hard vacuum, which was about 12 min. from the commencement of the pumping. At -13° C it was possible to dry the substance without detona tion and to determine the pressure-time curves, which were similar in shape to those previously reported by Garner and Latchem.
Effect of iodine vapour on the reaction. Iodine vapour was found not to retard appreciably the detonation' at 0° C, and had no marked effect on the rate of reaction at -13° C. The pressure of iodine vapour employed was th at in equilibrium with solid iodine at -13° C. From these experi ments it was clear that iodine was not the product responsible for the phenomena described by Garner and Latchem, and th at there was some unsuspected volatile product which was responsible. I t was therefore decided to make a complete analysis of the products of the slow decom position of nitrogen iodide at low gas pressures.
Analysis of the products of reaction. From experiments carried out with a Pirani gauge it was found th at the permanent gas evolved in the decom position of nitrogen iodide possessed a thermal conductivity similar to th a t of nitrogen. A sample of the permanent gas was therefore collected and analysed and found to be nitrogen, in agreement with the conclusions of Eggert. A qualitative test indicated th a t ammonia was one of the products of the reaction. This gas, the nitrogen, and the iodine produced from a known weight of nitrogen iodide were then determined quantita tively.
The apparatus used in the analysis consisted of a reaction vessel fitted with a glass winch and placed in series with three glass traps and a McLeod gauge. The nitrogen iodide was introduced into the reaction vessel in a moist state and almost completely dried by pumping, the water vapour being collected in the trap farthest away from the reaction vessel, the other traps being kept a t room temperature. The pumps were then cut off and the drying completed in a closed space which contained the McLeod gauge. The nitrogen produced was measured, and the iodine liberated was col lected in the first trap which was surrounded with solid carbon dioxide and alcohol and the ammonia collected in the second trap, which was surrounded with liquid air. The traps were connected to one another with ground joints, and after admission of dry air were disconnected from one another, and their contents separately analysed.
The iodine V&s washed out of the first trap with potassium iodide solution and titrated with n /100 thiosulphate. I t was found to contain a small amount of ammonia which was estimated by distilling with alkali and treatm ent with Nessler solution. The second trap contained most of the ammonia, and this was estimated by passing into n /100 H 2S0 4 and titration of the resulting solution with n/100 NaOH.
The bulk of the nitrogen iodide was decomposed, a small residue left undecomposed being determined by weighing and by decomposition with sulphuric acid and the titration of the iodine by n /100 thiosulphate.
The analytical figures are given in the following ta b le : The results correspond very closely to the equation
Millimols of Ratio
which is the simplest possible reaction. It should be pointed out th a t the results of Eggert (1921) , which show th a t ammonium iodide is one of the main products of the reaction, were obtained under such conditions th a t the gaseous products were a t much higher pressures than those obtaining in the present work. I t is, however, certain th at nitrogen iodide decom poses quantitatively at low pressures into nitrogen, ammonia and iodine. The fact th a t ammonia is liberated supports the Bunsen formula for nitrogen iodide, which is thus an ammoniate or ammine.
The thermal decomposition of nitrogen iodide 413 time (min.)
The pressure-time curves. During the previous experiments the oppor tunity was taken of following the progress of the reaction over a long period (20 hr.). The general characteristics of the curves can be seen from figure 1. After a period of pumping, and the reaction system has been isolated, a comparatively quick initial rise of pressure is observed. This is probably due to the decomposition of isolated crystals which have dried quickly. A very slow reaction follows, almost corresponding to an induction period. The length of this period varies with the temperature and time of pumping, but usually lasts 1 -2 | hr. At the end of this period the rate increases, sometimes attaining a steady value within 3 min. The rate falls off with time and at four-fifths decomposition at approx. 2 x 10~2 cm. it is very slow.
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For the analysis of the pjt curves, it was necessary to know the p x values corresponding to complete decomposition. This was calculated from the last pressure measured and the weight of the residue. I t was found th a t the plot of log dp/dt against log (p^ -p) gave a straight line. The slopes of the lines were not, however, constant, but varied between 1-25 and 2-12 for five experiments (see table 1). This relationship was found to be useful for obtaining the values of dp/dt at the beginning of the reaction proper, when attem pts were made to derive the activation energy. I t has, however, no theoretical basis (see later). Retardation of the reaction by ammonia and water. The effect of known pressures of ammonia and water vapour on the rate of decomposition was studied. As sources of ammonia, solid ammonia, 2AgC1. 3NH3 and AgCl.NHjj at -79° C were employed with pressures of 3*76, 1-8 x 10~2 and 1-9 x 10-3 cm. respectively. The effect of ammonia was studied by isolating the reaction vessel from the liquid oxygen trap and McLeod gauge during the initial stages of the reaction and opening it to a vessel containing the source of ammonia. The amount of reaction th at occurred during the period of isolation from the McLeod gauge was measured after the removal of the ammonia. Corrections had to be made for the amount of permanent gases passing into the vessel containing the ammonia source. The first experi ments made with solid ammonia as a source showed th at the reaction was completely stopped and th at it could be started again only with difficulty. It was also found with the lower ammonia pressures th a t it was possible to slowr dow n the reaction, and th at the original rate did not at once reappear after the ammonia had been removed. This observation was checked by following the action of ammonia with a Pirani gauge, by means of which it was shown th at the reaction could be stopped by approximately 4 x 10-3 cm. of ammonia and th at on removing the ammonia there was a lag before the reaction started again (figure 2). The pronounced dip in the pjt curves is due to a diffusion-pump effect during the condensa tion of ammonia. The lag is probably due to the time necessary for the building up of the equilibrium concentration of nitrogen iodide molecules on the siu'face (see later).
W ater vapour has a retarding effect during the period of its application, but the rate returns to its former value immediately after the removal of the water vapour. Ice a t -35° C was used as a source, with a vapour pressure of 16*7 x 10~3 cm. 
Effect of p r e s s u r e
. This was measured by either adding or subtracting nitrogen whilst the reaction was proceeding. There was a distinct retarding effect on increasing the pressure. The experimental values are given by the equation
where k0 is the rate in vacuum and kp is the value at a pressure p from 0-1-0 x 10~2 cm. The ratio of the rate at different pressures to the rate in vacuum is given below: The retardation with increasing pressure is probably due to the effect of gas pressure on the rate of escape of ammonia molecules from the gas film adjacent to the surface.
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Determination of energy of activation. On account of the variation of surface area of different batches of crystals, it was necessary to determine the temperature coefficient from the changes in the rate of reaction which occurred on changing the temperature during a run on one batch of crystals. This method had been used previously by Garner and Marke 1936) and Colvin and Hume (1929) . Use was made of the fact th at over the initial portion of the pjt curve, the rates of reaction are practically constant. The changes in rate were made both for a rise and a fall in temperature, and in some cases several changes were made (see figure 3) . The time taken in attaining temperature equilibrium on changing the bath was only a m atter of seconds. The results are summarized in table 2. kx and k2 are the slopes of the p/t curves before and af temperature. The activation energy cannot be determined very accurately owing to the small range of temperatures over which measurements could safely be made. The mean value is 19 0 ± 1-3 kcal. Determination of particle size. In the study of solid decomposition it is normally the area of the reacting surface which is of importance rather than the mass or volume of the substance. This question is of particular interest in the case of nitrogen iodide because of the suggestion of Roginski (1938) th at the reaction is not confined to the surface of the solid but occurs throughout the lattice. This possibility can be tested by the application of the Polanyi-Wigner equation to the experimental results, since the rates of solid reactions occurring at the interface between the product and the reactant or on the surface of a solid have been shown, in many cases, to be in agreement with rates calculated from this equation within one or two powers of ten. In order to be able to make use of this equation, it is necessary to determine the surface area of a batch of crystals.
The particles of nitrogen iodide as prepared in these experiments are extremely small and could not be measured by means of a micrometer eyepiece and a microscope objective 1/5. Their size could only be estimated by microphotography. The nitrogen iodide was suspended in paraffin and photographed, using 1/5 objective. In prints with a magnification of 300, the diameters of apparently individual particles were estimated to lie between 0-5 and 1*5 mm. This gives a mean radius of approximately 1*8 x 10-4 cm.
With glycerine as a mounting liquid the nitrogen iodide decomposed to give bubbles of gas, probably nitrogen. The bubbles were never seen to coalesce even when in contact, so th at it was thought th a t a bubble arose from each crystal of nitrogen iodide. If th a t were true, the particle size could be estimated from the gas bubble rather more accurately than from the particles themselves. The mean radius was found to be 12-5 x 10-4 cm. Assuming th at the gas is nitrogen, since ammonia and iodine are soluble in glycerine, and making allowance for the dependence of pressure on the diameter of the bubble, the average radius of a spherical particle of nitrogen iodide is found to be 2-8 x 10~4 cm. This is of the same order as that determined by microphotography of the crystals, and it is sufficiently accurate for the purpose in view.
Application of the Polanyi-Wigner equation. According to this equation, the rate of reaction -Nve~EIRT, where N is the number of molecules per sq. cm. of interface and v is the lattice vibration. Taking the density of nitrogen iodide as 3-5, the number of molecules per sq. cm. 2*9 x 1014 and a frequency of 1013, the activation energies may be directly calculated from the measured rates of reaction expressed in molecules per sq. cm. per sec. The results are summarized in table 3. The activation energy derived by this method is in good agreement with th at previously calcu lated from the temperature coefficient of the reaction. This shows th a t the Polanyi-Wigner equation is applicable and th a t the reaction is very probably limited to the surfaces of the crystals, contrary to Roginski's suggestion with regard to this decomposition. A chain reaction, unless the chains are very short, appears to be ruled out. 
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' idM(^ecoml)os^^on appears to be an evaporation reaction, the nitrogen i e giving only gaseous products. Thus there can be no question of nuc ei formation as in a decomposition where one of the products is a solid, whe re?j'C^0n *s ^us analogous to the initial step in the reaction occurring en t e alkali azides are heated in vacuum where the products are also aseous. In the case of alkali azides, however, the evaporation reaction ses into an autocatalytic reaction after an induction period. There was, however, no evidence th a t an autocatalytic reaction occurs in the case of nitrogen iodide. Calculation of self-heating. If the reacting substance is assumed to lose heat only by radiation to the walls of the vessel, the self-heating can be calculated from the expression At -19° C, with a rate of 2 x 10-8 mol./sec. and an area of 1 sq. cm. and taking y = 25 kcal., which is probably an upper limit to the value of the heat given to the solid by the reaction,* the self-heating = 0-4° C.
The value will be reduced considerably by loss of heat owing to conduc tion by the gas, for a t 10-3 cm. the rate of loss by conduction is considerably greater than th at by radiation. I t may therefore be presumed th at in experiments with gas present, self-heating was negligible.
The detonation of nitrogen iodide. The research on the conditions under which nitrogen iodide detonates is not complete so th at the results obtained will only be mentioned briefly. I t was found th at the detonation almost always occurs in a vacuum at -11° C with quite short time lags and th at the occurrence of detonation obeys the laws of chance. The average time lag decreases with increase in temperature and at 0° C it is already too short to measure.
Discussion
From the analytical work it is clear th at the overall reaction proceeding during the thermal decomposition is relatively simple, viz. 2NH3.N I3 = 2NH3 + N2 + 3I 2. I t has been established th at the ammonia, which had not been previously detected amongst the products of decomposition, acts as a negative catalyst for the reaction. W ater vapour also exerts a retarding influence and the rate of reaction depends on the pressure of nitrogen present. At temperatures below -6° C the rates of the thermal decomposi tion can be studied, since the substance does not immediately detonate at the low pressures, 10-5 cm., obtained during drying and evacuation. There is an induction period, which is probably the period during which the water evaporates, during which the reaction is very slow. At the end of this period, the reaction attains im m ediately its m axim um rate, there being no acceleration similar to th a t observed w ith m any explosives.
The activation energy of the reaction as determ ined from the tem pera ture coefficient and from the application of the Polanyi-W igner equation is [18] [19] kcal., and the heat of form ation of the substance from its elem ents has been shown to be -35 kcal.*
The constitutional formula of nitrogen iodide. The three ammines of nitrogen iodide, N I312NH3, N I33N H 3, N I32NH3, have been prepared by H ugot (1900) and Ruff (1900) , and it was shown th a t these substances were stable only a t low tem peratures, and th a t all of th e amines lose ammonia to yield N I3.N H 3 as a final product. A ttem pts to remove the last ammonia molecule result in the complete break-up of the molecule. The fact, however, th a t the ammonia in this compound can be recovered quantitatively as such if the decomposition be allowed to occur in a hard vacuum, provides definite proof th a t 'nitrogen iodide is nevertheless an ammine.
I f the overall reaction is 2NH3.N I3 -> 2NH3 + N 2 + 3I2, it is n atu ral to assume th a t the first step in the reaction is the rem oval of amm onia from the ammoniate and th a t the deam m oniated compound N I3, being very unstable, breaks down immediately to give nitrogen and iodine. This, of course, implies th a t nitrogen iodide can have no separate existence, in contradiction to the statem ent of Cremer and D uncan (1930) . Biltz (1925) has suggested th a t the stabilization of unstable chemical compounds can be brought about by means of energy-producing supplem entary reactions and, among the examples, he quotes the stabilization of N I3 by the action of ammonia, the system being stabilized by the loss of the heat of ammoniation. T hat the removal of ammonia is the first stage in the decomposition is supported by the fact th a t substances which combine w ith ammonia (e.g. acids) decompose nitrogen iodide instantly. Nitrogen iodide is then to be considered as nitrogen tri-iodide monoammine.
The activation energy. I f the above simple explanation of the reaction be correct, then the rate-controlling reaction is the loss of ammonia, and the measured activation energy will be th a t of the removal of the ammonia. In the case of carbonates, Zawidski and Breitschneider (1935) show th a t the activation energy for the removal of carbon dioxide is equal to the heat of the corresponding reverse reaction. Although this is probably not generally true for endothermic dissociation in the solid state, a sufficient num ber of cases has been found where it holds to make it worth while to consider whether or not it can be true for ammines. Biltz has shown th a t
•the stability of an ammine varies very much with the " Teilbildungsw arm e" , which is the heat liberated by the addition of ammonia to the lesser ammoniated compound. The " Teilbildungswarme " varies from about 37 to 7 kcal. per molecule of ammonia, and there is a considerable variation in stability. An interesting example is indium tri-iodide, which, accord ing to Klemm, has a covalent character and forms a series of ammines. In I3.5NH3 (" Teilbildungswarme" = 15 kcal./mol.), which evolves three molecules of ammonia, has a dissociation pressure at 156° C of only 26 mm. I t may be concluded from the comparative stability of nitrogen iodide considered as an ammine, th at the heat of ammoniation is of the order of 15-20 kcal.
A further argument which has weight in such cases, is th at reactions which occur between the surface of a solid and a gas with a liberation of a heat < 20 kcal., do not take place in the reverse direction at appreciable rates in a hard vacuum a t room temperatures. This is borne out by experiment and can be deduced also from the Polanyi-Wigner equation. I t therefore follows th a t in the case of nitrogen iodide which decomposes rapidly at room temperature, at a rate governed by the above equation, the heat of ammoniation cannot exceed 20 kcal. Since the activation energy is 19 kcal., this means th at the activation energy is approximately the same as the heat of reaction.
If nitrogen iodide be considered as an ammine, it must have a definite dissociation pressure, always assuming th at there are three phases present. Making this assumption, and taking the heat of ammoniation as 19 kcal., the dissociation at any temperature may be calculated from the Nernst equation, AH logp(atm.) = 4^57^7+I '75 log for a molecule in which only one gaseous product is formed. For monoammine Biltz and H uttig (1920) find empirically th at a has a value of -0-0017, and th at AH0 can be replaced fairly accurately by AH, the calorimetric value at room temperature. On this basis, the dissociation pressure of nitrogen iodide at -13° C is l x 10-7 cm. and at -19° C is 0-4 x 10~7 cm.
The retarding effect of ammonia. The fact that ammonia has a pronounced retarding effect on the reaction means that one possible mechanism of the reaction can be disregarded. If the first stage in the reaction were the decomposition of an N I3 group, then there could be no retarding effect by the ammonia.
From the rate at which ammonia is produced in the solid reaction and the dimensions of the tubes leading to the liquid air trap, the stationary concentration of ammonia a t the surface of the solid can be found. At -19° C, with a pressure of nitrogen of 2 x 10-3 cm., the concentration of ammonia is found to be 4 x 10-5 cm. This is greater than the dissociation pressure calculated for N I3.N H 3 at this temperature, viz. 0-4 x 10-7 cm. Since the pressure of ammonia at the surface is so much greater (approxi mately 1000 times) than the dissociation pressure of the ammine, it may be concluded th at the conditions for the application of the phase rule cannot apply, in the sense th a t there are not two phases present. The rapid dissociation of the free N I3 molecules on the surface would explain the considerable excess of ammonia pressure over the dissociation pressure since the majority of the N I3 molecules will decompose before there is a chance of an ammonia molecule returning to the surface, with the result th at the rate of evaporation of ammonia is always greater than the rate of condensation on the surface.
The experiments on the addition of ammonia to the system containing decomposing iodide, have shown th a t a pressure of 1 x 10-3 cm. ammonia will stop the reaction. Since with this pressure, the rate of collision with the surface is 5-5 x 1018 mol. sec.-1 cm.2, the number of ammonia molecules colliding with each surface molecule is 2 x 104 per sec. This can only mean th at the average life of an N I3 molecule is about 10-4 sec. and th a t it requires an activation energy for its decomposition. From the PolanyiWigner equation this activation energy is seen to be ~ 4*5 kcal.
The effect of inert gas on the rate of reaction. The primary effect of gas pressure must be to slow down the rate of diffusion of ammonia away from the reaction surface and thereby increase the stationary concentration of ammonia at this surface. This effect will depend in a complicated fashion on the rate of reaction, the pressure, and on the dimensions of the apparatus. I t is then very difficult to discuss the forms of the pressure-time curves for the reaction. The pressure varies with time, and the back reaction with the formation of ammine is affected in a complicated fashion by the total pressure. If the particles of nitrogen iodide were spheres and there were no effect of pressure on the reaction velocity, the following equation, dp/dt = Jc(p00-p)% should hold. Actually, the experimental curve could be fitted to dpjdt -k(p^ -p)n, where n varies from T 25 to 2-1. This high value of n must be due to the retarding effect of ammonia, which increases with increase in pressure, but it is not practicable to calculate precisely the effect of this on the p -t curves.
Mechanism of the decomposition of N I3 after the removal of ammonia. I f we consider the reactions which can possibly occur with a low activation energy, we are limited to:
(1) 2NH3.NI3 = 2NH3 + N 2 + 2I2 + 21 + 14 kcal.
(2) 2NH3. N I3 = 2NH3 + N2 + 3I 2 + 49-1 kcal.
(3) N I3 + NH 3. N I3 = NH 3 + N 2 + 2I2 + 21 + 33-1 kcal.
(4) N I3 + N H 3. N I3 = N H 3 + N2 + 3I 2 + 68-1 kcal.
(5) 2NI3 = N 2 + 3I 2 + 87 kcal.
These all involve two molecules; other reactions involving the production of nitrogen atoms are not considered because the energy required for the production of a nitrogen atom is so great. In order th a t the reaction be exothermic, nitrogen must be formed in the molecular state. Bowen (1923) has pointed out th a t the photochemical decomposition of NC13 must involve two molecules for the same reason.
On account of the retarding influence of ammonia, reactions (1) and (2) can be eliminated. Reaction (5) can also be disregarded since according to the assignment of 19 kcal. for the heat of ammoniation, the activation energy of the overall reaction would be 38 kcal. The reaction following the removal of ammonia can only be accounted for by equations (3) or (4). No definite decision can be arrived a t as between these two mechanisms, but on account of the complex reaction products formed at high pressures, it is possible th a t iodine atoms are produced as in (3) which react further with ammonia to give ammonium iodide according to the overall equation, 8NH3 + 6 1^ 6NH4I + N2.
This is a question which requires further investigation.
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Summary
The thermal decomposition of nitrogen iodide has been studied at low pressures and the reaction shown to be 2NH3.N I3 -*■ 2NH3 + N2 + 3I 2. The activation energy from the temperature coefficient and from calculations made with the aid of the Polanyi-Wigner equation is [18] [19] kcal. The reaction is retarded by ammonia and water and also by an increase in pressure over the solid.
The mechanism of the reaction is discussed in the light of the above results and of the calorimetric results quoted in the following paper.
